INTRODUCTION
It is well known that, under certain circumstances, marine micro-organisms grow better and develop higher numbers in environments with organic or inorganic particles. JANNASCH (1954) , OVWNHEIMER & JANNASCH (1962) and ZOBrLL (1937 ZOBrLL ( , 1943 have found, that, in cases of low concentrations of organic matter, the adsorption of micro-organisms to particles is accentuated. Media without any particles develop lower numbers of micro-organisms, and the bacteria are commonly attached to the walls of the culture flask. The relation between bacteria and grain size distribution have been investigated by KRUMi3~IN (1968) .
In marine microbiology the most important environments are those where two different media are in close connection e.g. the interface water/sediment or water/ atmosphere. The uppermost millimeters of a recent sediment is the zone of highest microbial activity (HIcKEL & GUNK~L 1968 , HICli~L 1969 . This is witnessed by high numbers of micro-organisms at the sediment surface and in the uppermost centimeters of a supernatant water column. During sedimentation it is possible that this zone is quickly buried under masses of rather sterile sand during tidal changes or after heavy storms. Therefore, it is a question of some interest, how bacteria behave in colums of sterile sediments. The seawater itself contains a lot of inorganic suspended matter with different numbers of bacteria attached to the particles (JANNASCH 1954 , ARMSTa~ONO 1958 .
In addition to our investigation on the relations between bacteria and grain size distribution, we started a series of culture experiments with defined grain size fractions which were sterilized and inoculated with pure cultures of marine bacteria. Due to the quick changes in sedimentation, it may be assumed that sediments are often populated by organisms which live in the free water. Therefore, we inoculated the supernatant water column of our sediment filled glass cylinders. We wanted to get data on the settlement of bacteria in sterile sediments and on the time they needed to infiltrate actively into the sediment. Later on we tried to obtain information on the behaviour of different strains of marine bacteria when exposed to sterile sediments. Competition between two strains might give different types of populations within the sediment.
METHODS
S e d i m e n t s a n d p r e p a r a t i o n o f s e d i m e n t c o l u m n s
For all experiments we used sediment of the German Bight (southern North Sea) which was sampled in the silty region SW of Helgoland. We desalinized the sediments by wet sieving with fresh water and by washing the sieved fractions twice with distilled water. The sediments were then dried. The dry sediments were sieved again (dry sieving) to separate the different grain size fractions. The fractions were then mixed thoroughly in a mixing apparatus (FRITSCH PTL) to obtain homogenous material for experiments. By this treatment all soluble organic matter was removed. Only the original organic particles were not removed. For grain size analysis and determination of the most abundant fraction we followed the methods of KRUMBEIN & PETTIJOHN (1938) and MATTIAT (1964) . We used two different fractionations for our cultural experiments. The fraction below 160 ~ and, for some experiments, the fraction below 400 #. In both cases, the maximum of the sum curve was situated between 90 and 120/~. The desalinized and sorted sediments were then filled to a height of 5 cm in glass cylinders of 10 cm diameter. Thus, we obtained a sediment column of homogenous structure and composition in every cylinder prepared. The sediment columns were then autoclaved, either without addition of media or after having filled the glass cylinders with liquid media. We autoclaved for 45 minutes at 1200 C. The cylinders, which were sterilized without medium, were filled after sterilization with media which had been sterilized in separate flasks. During the culture experiments, it was discovered that sterilization of sediments without added liquid, and sterilization of liquid saturated sediments, produces different results. All cylinders were filled in such a way as to obtain a saturated sediment column with 1 mm of supernatant liquid.
Media
Either before sterilization or, in other cases, atter sterilization the sediment columns were saturated with one of the following media used during the experiments: (a) Medium 2216 E a~er ZO~ELL, modified by GUNXEL (1964) . The medium was used in its liquid phase during incubation and employed with 1.5'°/0 Difco Bacto Agar for all plate counting tests during the incubation series. (b) Medium 2216 E with only 50 0/0 of organic compounds (peptone, yeast extract). (c) Medium 2216 E: 750 ml made up to 1,000 ml with sediment extract. (d) Sediment extract without additional nutrients. The sediment extract was prepared by adding 500 ml of aged sea water to 1,000 ml of a fresh wet sediment. The mixture was treated for 2 h in the open autoclave at 95 °C. The liquid was separated from the sediment by hot centrifugation because filtration was impossible, due to the clay mineral content of the sediment extracted; this does not influence the quality of the sediment extract (KRuM~rN 1966) . (e) 750 ml of aged sea water were made up to 1,000 ml with distilled water. In this medium bacteria would grow only on the original organic matter of the prepared sediments. (f) Medium to control the anaerobic growth of the selected strains of bacteria: Medium 2216 E a~er ZOB~LL with 5.0 g glucose and 0.1 g ascorbic acid added. This medium was used either liquid (in completely filled prescription bottles sealed with paraffin) or with 1.5 °/0 Difco Bacto Agar. The agar plates were then filled into metal cylinders, which were evacuated and filled with hydrogen.
Strains of bacteria
During the summers of 1968 and 1969, we isolated 80 strains of marine bacteria from sediments of the German Bight. These 80 strains were tested for their capability to grow under aerobic and anaerobic conditions. We separated the strains which were facultative aerobic and showed good growth under anaerobic conditions. From these strains we have chosen those which were motile by flagella and which had a characteristic colour which did not change after several passages on agar plates. In this way, 1 white, 2 red, 4 yellow, 3 orange and 2 blue strains were obtained.
A growth curve comparison of the strains mentioned gave us an impression of the multiplication rate of the different strains. The growth curves for marine bacteria in culture at 18 ° C have rather long logarithmic phases. The growth curves for 10 strains were produced by inoculating 50 ml of 2216 E medium with some cells of the strains. This culture was then aerated for 24 h. From this culture 1 ml was controlled microscopically. The culture was then diluted to obtain a certain cell concentration which was just below viability in liquid cultures; 1 ml of the culture was then washed and inoculated to a fresh culture flask with 50 ml of medium 2216 E. This flask was brought to a rotating culture device to obtain optimal aeration. A sample was taken every 4 h and the number of bacteria controlled by the plate counting method. For inoculation experiments we always used strains with nearly identical growth curves to reduce the influence of the different multiplication rates. Most of the inoculation experiments were carried out with the following strains: Strain 26: heterotrophic, aerobic, growing well under anaerobic conditions (evacuated metal containers, hydrogen atmosphere); motile by flagella, rod shaped (about 1 #); growing in distinct dark yellow colonies on 2216 E agar. Strain 31: heterotrophic, aerobic, growing well under anaerobic conditions; motile by flagella, slightly smaller then strain 26, distinct red colonies on 2216 E agar plates; only strains which did not change colour aflcer several passages on 2216 E agar plates were chosen.
Proceeding
The growth experiments were prepared in the following way: The glass cylinders with sterilized sediments and different liquid media were transported to the culture room (180 C). In this room, without moving the cylinders, the supernatant liquid was inoculated. Usually 16 cylinders for each incubation series were prepared. We incubated with 1 ml of a dilution with a defined cell number. The cells were taken from a culture at the beginning of the stationary phase and washed 3 times in a mixture of aged sea water and distilled water (75 + 25 ml). Two control cylinders served as a blank. Affer 2, 4, 6, 9, 12, 15, and 23 days, two of the incubated glass cylinders were used for determination of cell numbers. To avoid any mechanical movement of the bacteria in the experimental assay, the sampling was done in the culture room.
We always took a sample of the supernatant liquid, a sample of the sediment surface and a sample from the bottom of the sediment column. The water sample was diluted and the cell number defined by the plate counting method using 2216 E agar. The sediment sample was treated for 1 min with the ultra turrax mix (producer: JANKt~ & KUNKEL) at 20 000 rpm to obtain an optimum suspension dilution series of the sediment. During treatment with the ultra turrax, the flask was cooled with ice to avoid heating by the mixing procedure (GuNiiEL 1963). The suspension dilutions were then treated as the water sample. The counts from the supernatant liquid were expressed as N/ml, the counts from the sediment samples as N/g dry weight. The humidity of the sediments, saturated with liquid medium, was always between 20.0 and 25.8 0/0. Tables 1-3 -we obtained some information on the active movement of bacteria into a sediment of known composition, and on the capacity of aerobic bacteria to develop under nearly anaerobic conditions. In series I and II the development of separate inoculates of strains 26 and 31 was tested. Series III (Table 1) shows the development of a mixed inoculation with strains 26 and 31. In series IV we inoculated with a blue strain. This series was infected by a fungus which had possibly survived sterilisation. In series V ( Table 2 ) the behaviour of strain 26 was tested by adding several different nutrient media to the sediment. In series VI the same was done for strain 31 (Table 3) . Series VII, which was inoculated 2 weeks after series VI was scheduled to reveal the behaviour of strains 26 and 31 in different media. However, strain 31 changed colour as in series VI, and we had no possibility to separate the 2 strains on the plates.
RESULTS

From 7 series of inoculation experiments -of which 3 characteristic examples are documented in
Strains 26 and 31 usually developed very quickly after incubation in thei supernatant liquid. In some cases, even after 2 days, strain 26 reached the sediment surface and exceeded the numbers of bacteria in the supernatant liquid. Strain 26 reached the bottom of the sediment in all experiments and with all media added. The counts usually remained between 4 and 7 exponents lower then that at the sediment surface. Strain 31 developed in about the same way, both at the sediment surface and at the bottom, in case of wet sterilisation of the sediment (i. e. sterilisation of sediment and medium together). However, strain 31 did not reach the bottom of the sediment, except in the cylinders of the 4th day (Table 1 ) and in the cylinders with additional sediment extract (Table 3) in case of dry sterilisation of the sediment.
To control the influence of dry sterilisation on the sediments we tested several media added to dry sterilized sediment columns. In experiment V (Table 2) the sediments were incubated with additional sea water only, with sediment extract, with a mixture of sediment extract and medium 2216 E, or with pure medium 2216 E. The yellow strain did not change its behaviour. In fact, it developed as fast in pure Table 3 Inoculation series VI. Re-inoculation of dry sterilized sediments (fraction below 160 #) with various media added after sterilisation. Bacteria strain 31 (red). Suspension-dilution used for inoculation: 3.4 X 108 N/ml. (Numbers of bacteria expressed in N/ml or N/g dry weight)
Colour bottom of sediment 5.6 X 10 s 5.3 × 10 ~ 0 sea w a t e r as in the medium 2216 E after ZOBELL. The original organic content of the sediments was sufficient to support g r o w t h of this strain w i t h o u t additional nutrients. The final n u m b e r of bacteria was only slightly higher w i t h m e d i u m 2216 E. Counts at the bottom of the sediment stayed at a lower level than on wet sterilisation. The addition of sediment extract to the media did not significantly change the culture environment for strain 26. Strain 31 developed in an irregular manner on sediment columns which had been sterilized before addition of nutrient media. The dry sterilized sediments produced large differences in the cultural behaviour of strain 31 on agar-plates. The strain grew in large numbers on all media, but changed colour and did riot reach the bottom of the sediment in some cases. Whereas before inoculation, this strain always grew in distinct red colonies on agar plates with medium 2216 E, it changed colour after inoculation. We had to separate at least 3 types of colonies which are listed in Table 3 . The colour of the colonies varied between white-grey, pale yellow and orange-dark red. From this we concluded that strain 31 was influenced by the method of sterilisation of the sediment as well as by the inoculation in different media. It seems that the physical conditions in the sediment are changed by sterilisation as well as the composition of organic matter in the original sediment. Strain 31, which always showed red colonies on 2216 E agar plates, produced red colonies only after inoculation on dry sterilized sediments when inoculation was done in media containing sediment extract. Also, its capability to reach the bottom of the sediment columns was influenced by the method of sterilisation and by the type of nutrient medium.
DISCUSSION
The different results obtained with the 2 strains are not easy to interpret. We can conclude from the culture experiments that the opinion of various authors, who investigated the influence of particles on the growth of bacteria, also holds true for sediment particles. The presence of particles gives significantly higher numbers of bacteria per unit volume than particle free solutions. Bacterial counts at the sediment/ water interface are much higher, even when the nutrient concentration in the liquid and solid phase is the same. With increasing depth, the number of bacteria decreases. This does not depend on nutrient concentration. Decreasing oxygen content influences the various species in different ways, but the numbers of all bacteria (aerobic as well as anaerobic) decrease with increasing depth. WAON~R & SCHWARTZ (1963) have shown the migration of bacteria through recent sediments. STEICER (1957) has studied the migration of bacteria through soils. Our experiments have proved that bacteria are capable of active movement through recent sediments, and that this movement is rather fast even under stagnating conditions. These facts might throw some light on the observations of OVWNH~IM~I~ (1960) who related the different numbers of bacteria in various layers of sediments to migration rates through the sediment. A large number of the isolated strains we tested for our experiments were able to grow under aerobic and under anaerobic conditions. The fact that usually aerobic bacteria can move actively to nearly anerobic regions of the sediment, may give some explanation for the reported counts of HICKEL (1969) and others (ZoBELL 1936) . All authors who provide data on bacteria distributions in sediments, mention the fact that, with increasing depth the number of anaerobic bacteria does not increase compared with aerobic bacteria, while the total number of bacteria usually decreases.
The change of colour of strain 31, afLer inoculation to sterilized sediments, may be connected with surface tension and surface active substances as discussed by JANNASCH (1959) and MAC LrOD et al. (1958) . It is known that surface active substances may influence the growth of bacteria. Additionally, clay minerals, which have very typical surfaces with various differences in surface tension, and peptisation effects may influence the growth of bacteria (SToTzlIY 1967) . JANNASCH (1959) demonstrated that, in cases of culture in liqued media, the influence of surface active substances was more important than that on agar media. Thus, it may be that the subculture in sterile sediments may have influenced strain 31 to produce variants or, at least, modifications of different colours. Some of the yellow colonies remained yellow aflcer several new passages on 2216 E agar plates, whereas other colonies returned to red afLer subculturing them on agar plates. The added sediment extract seems to have produced a positive effect on the sediments, because inoculates in media with sediment extract gave higher numbers of bacteria with the original red colour.
The investigation of cultural behaviour of bacteria in the sedimentary environment is very difficult, due to the complexity of the medium. We hope to obtain more results with pure quarz sands or other artificial sediments as well as with natural sediments treated with H20-2 and other substances to eliminate the original organic content. SUMMARY 1. The behaviour of pure cultures of marine micro-organisms in sterilized sediments was studied by inoculation of the supernatant liquid media with mobile bacteria. 2. The largest numbers of bacteria developed at the sediment surface down to 4 mm depth and not in the supernatant liquid, in spite of the fact that the supernatant liquid only was inoculated. 3. Most of the strains tested reached the bottom of the sediment within a few days. 4. Strain 31 did not reach the bottom of the sediment in case of dry sterilisation of the sediment column. 5. Strain 31 developed in all media different coloured variants, except in media with additional sediment extract where the original red colour remained. In these media bacteria reached well to the bottom of the sediment columns tested. 6. The original organic matter of the sediment fractions tested was usually sufficient to support growth of the bacteria examined. After several days of incubation, bacteria reached the same numbers as was the case with additional nutrient substances. 7. Active movement of bacteria through fine grained sediments is possible. Population of sterile sediments from the supernatant water column is possible and progresses rapidly. 
